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Cap Carbonates overlie the Marinoan Snowball Earth-related glacial diamictite, and possibly record the
drastic surface environmental change and biological evolution after the Snowball Earth. We conducted
on-land drilling from the Liantuo Formation, through the Nantuo, to the lower Doushantuo Formation in
the Three Gorges area of South China to collect fresh, continuous samples in the Three Gorges area. We
obtained high-resolution chemostratigraphies of d13C and d18O values of carbonates from the topmost
part of the Nantuo Formation to the Cap Carbonate, in order to decode the detailed surface environ-
mental change in the shallow marine setting. The d13C chemostratigraphy possesses some unique
characteristics: (1) stable d13C values as a whole, but ubiquitous low d13C anomalies through the Cap
Carbonate, (2) increase of the d13C values from 3 to þ5& across the C2/C3 boundary, (3) no d13C
anomaly between the C1 and C2 boundary, and (4) presence of an anomalous high d13C value (þ2.3&)
and a faint positive correlation between d13C and d18O values in the C1 unit.
Evidence of quite low d13C anomalies (with a nadir of 41&), ubiquitous negative d13C anomalies
through the Cap Carbonate, and a high d13C anomaly accompanied with a faint positive correlation
between d13C and d18O values in the C1 unit supports decomposition and formation of methane hydrate
during Cap Carbonate formation. The drastic increase of d13C values from the upper C2 to C3 units in-
dicates enhancement of primary productivity and organic carbon burial, possibly due to high continental
ﬂuxes after the Snowball Earth event, evidenced by high Sr isotope values. The increase is restricted to
the proximal side of the inner shelf in South China, and the timing of the increase of d13C values of
carbonates is earlier at Three Gorges area than any other area, suggesting that the enhancement of
primary productivity started in the proximal environment because of higher continental inﬂuxes. The
increase in oxygen contents of seawater due to the enhanced primary productivity possibly resulted in
the emergence of multicellular animals soon after Cap Carbonate deposition.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The Snowball Earth hypothesis describes one of the most
interesting events of geologic time because of the drasticþ81 3 5465 8244.
.
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c-nd/4.0/).environmental change and the subsequent dramatic biological
evolution it implicated (Kirschvink, 1992; Hoffman et al., 1998).
Although the causes that ended the Snowball Earth are still
controversial, the worldwide occurrence of Cap Carbonate
following the event indicates that seawater was supersaturated
in carbonate (e.g. Hoffman et al., 1998; James et al., 2001;
Hoffman and Schrag, 2002; Nogueira et al., 2003). It also sug-
gests quite high atmospheric temperatures, an acidic terrestrial
environment, and extensive continental weathering (e.g.ction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
H. Sato et al. / Geoscience Frontiers 7 (2016) 663e671664Hoffman and Schrag, 2002; Ohno et al., 2008; Sawaki et al.,
2010).
The origin of the Cap Carbonate still remains controversial: cf. the
Snowball Earth hypothesis (Hoffman et al., 1998; Hoffman and
Schrag, 2002; Higgins and Schrag, 2003), the upwelling model, by
which upwelling of deep water with high alkalinity and low d13CDIC
values in a stratiﬁed ocean resulted in carbonate precipitation
(Grotzinger and Knoll, 1995; Knoll et al., 1996; Kaufman et al., 1997;
Ridgwell et al., 2003; Shields, 2005; Giddings and Wallace, 2009),
the methane hypothesis (Kennedy et al., 2001; Jiang et al., 2003,
2008; Linet al., 2011), and the lowp(O2)model (Sansjofre et al., 2011).
The Cap Carbonates contain enigmatic sedimentary structures,
such as tepee-like structures (Aitken, 1991; James et al., 2001; Allen
and Hoffman, 2005; Gammon et al., 2005; Jiang et al., 2006), sheet
cracks (Kennedy, 1996; Jiang et al., 2006; Hoffman and Macdonald,
2010) and tube-like structures (Cloud et al., 1974; Hegenberger,
1993; Corsetti and Grotzinger, 2005). Framboidal pyrite, barite,
and pseudomorphs of radial aragonite replaced by dolomite (Jiang
et al., 2003, 2006) are also diagnostic. The lower part of the car-
bonate consists of microcrystalline dolostone and dolowackestone,
and possesses stromatactis-like cavities, tepee-like structures, and
sheet cracks (Jiang et al., 2003, 2006; Wang et al., 2008), whereas
the upper part comprises laminated dolostone, shaly dolostone and
limestone. Peloids are common, and faint microbial laminae and
stromatolites are locally present (Jiang et al., 2010), although a
depositional environment below fair-weather wave base is sug-
gested by lack of grainstone and other shallowwater features (Jiang
et al., 2006, 2010).
The Cap Carbonates commonly have negative d13Ccarb values,
referred to as the Cap Carbonate Negative Carbon Isotope Excur-
sion, or CANCE (Zhu et al., 2007a), as reported in South China (e.g.
Jiang et al., 2003, 2007, 2010; Condon et al., 2005; Zhu et al.,
2007b; McFadden et al., 2008; Wang et al., 2008; Tahata et al.,
2013), Australia (Walter et al., 2000), Oman (Fike et al., 2006; Le
Guerroué et al., 2006), Canada (Narbonne et al., 1994; Kaufman
et al., 1997), Namibia (summarized by Hoffman et al., 2007),
Siberia (Melezhik et al., 2009), Mongolia (Macdonald et al., 2009)
and India (Kaufman et al., 2006). In particular, d13Ccarb values
down to 41& in the middle part (Jiang et al., 2003, 2006), 44&
in the lower part, and 48& in the upper part of the Cap Car-
bonate (Wang et al., 2008) are observed in South China, indicating
the involvement of methane hydrate (Jiang et al., 2003, 2008;
Kennedy et al., 2008; Wang et al., 2008). However, the timing of
the formation of the low d13C carbonates is controversial. Previous
work considered the formation of the large negative d13CTable 1
Summary of localities of Cap Carbonate and the d13C values of the carbonate.
Localities Cap Carbonate Ranges of d13C values d
SW Brazil Mirassol d’Oeste 4 to 10 n
NE Oman Hadash 0 to 1 n
Central Australia Moint Doreen 2.5 to 5 n
South Australia Nuccaleena 2 to 3 n
Tasmania Cumberland Creek 2 to 5 n
Western Australia Lower Ranford 2 to 3 n
NW Namibia Keilberg 2 to 5 n
Lesser Himalaya Upper Blaini 3 to 0 n
NW Canada Ravernsthroat 1 to 4 n
California Noonday 2 to 3 n
East Svalbard Lower Dracoisen 3 to 5 n
Tuva-Mongolia Khongoryu Tsagaan Oloom 1 to 4 n
Scotland-Ireland Cranford around 7 n
South China (inner shelf facies) Lower Doushantuo 5 to 5a n
South China (outer shelf, slope
and basin facies)
Lower Doushantuo 10 to 3 n
Tarim Lower Zhamoketi 8 to 4 n
Burkina-Fasso Middle Sud-Banboli 1 to 4 n
a Quite low d13C values are eliminated.anomalies to be simultaneous with deposition of the Cap Car-
bonate, implying that decomposition of methane hydrate termi-
nated the Snowball Earth (Jiang et al., 2003, 2006; Wang et al.,
2008). On the other hand, recent reappraisals have shown the
formation of the carbonates with the low d13C values to postdate
the formation of the Cap Carbonate (Zhou et al., 2010; Bristow
et al., 2011; Lin et al., 2011).
Although the Cap dolostones, generally speaking, have
negative d13C values, the absolute values and patterns of the d13C
value changes vary from place to place (Table 1, the summary in
Jiang et al., 2003, 2010; Hoffman et al., 2007; Tahata et al., 2013).
In Namibia, the different d13C variations in the Cap Carbonate
are well explained by a diachronous deposition model (Hoffman
et al., 2007). However, the Cap Carbonates in South China are
present from the proximal margin of the inner shelf, through
the continental slope, to the basin (e.g. Jiang et al., 2011). Their
d13C values are different, and are related to the depositional
environment; higher d13C values occurring in the proximal
environment compared to those in distal settings (Zhou et al.,
2004; Shen et al., 2005; Jiang et al., 2010). Zhou et al. (2004)
attributed the difference to ocean stratiﬁcation or temporal
diachroneity.
We conducted an on-land drilling program in South China to
systematically collect continuous sequences from the Ediacaran to
the Cambrian, from the proximal margin of the inner shelf, through
the distal shelf margin, to the slope. The drilling enables us to
collect relatively continuous, fresh samples for comprehensive
geochemical studies (Ishikawa et al., 2008, 2013, 2014; Komiya
et al., 2008; Ohno et al., 2008; Sawaki et al., 2008, 2010; Tahata
et al., 2013). This work presents high-resolution d13C and d18O
values from core samples drilled through the post-Marinoan Cap
dolostones of the Doushantuo Formation in Three Gorges area of
South China in order to show that higher primary productivity was
recovered earlier in the proximal environment due to higher con-
tinental ﬂuxes.
2. Geological outline
Neoproterozoic to Cambrian strata are widespread in South
China. Paleogeographic reconstructions of the Yangtze area indi-
cate a southeast-facing Ediacaran Yangtze platform, which com-
prises a shallow marine shelf to deep basin environment (Zhu
et al., 2003, 2007b; Jiang et al., 2007, 2011). The strata were
deposited in a rift basin between the Yangtze and Cathaysia blocks,
which had formed by the break-up of Rodinia around 750 to13C isotope trends References
egative Nogueira et al., 2003; Font et al., 2006
egative Fike et al., 2006; Le Guerroué et al., 2006
egative Kennedy, 1996
egative Lemon and Gostin, 1990
egative Calver and Walter, 2000
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egative James et al., 2001
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H. Sato et al. / Geoscience Frontiers 7 (2016) 663e671 665690 Ma (Li et al., 1999; Wang and Li, 2003), and are well exposed in
several sections that provide an NWeSE proﬁle from the interior
platform into the basin (Fig. 1a). In addition, the strata are famous
for their many fossils, including animal embryos, algae, acritarchs
and sponges (Xiao et al., 1998, 2000; Xiao and Knoll, 2000; Yin
et al., 2007; Zhou et al., 2007; McFadden et al., 2008; Du et al.,
2015; Yin et al., 2015).
The Three Gorges area, located ca. 30 kmwest of Yichang on the
Yangtze River, exposes Cryogenian to Cambrian strata that were
deposited on the western Hubei platform around the Huangling
Anticline (Fig. 1a, b). The depositional environment is suggested to
be a locally deep part of an inner continental shelf (Vernhet, 2007).
The lithologies make up (in ascending order) the Liantuo, Nantuo,
Doushantuo, Dengying, Yanjiahe, Shuijingtuo and Shipai forma-
tions, which lie on a basement of Cryogenian granite (Ma et al.,
1984). The Doushantuo Formation is ca. 220 m thick and overlies
glacial diamictite in the Nantuo Formation. It is subdivided into four
members: the Cap Carbonate, and Members II to IV, in ascending
order. The detailed lithostratigraphy is described elsewhere
(Ishikawa et al., 2008; Tahata et al., 2013). The Cap Carbonate
Member is composed of a ca. 5 m-thick dolostone characterized byFigure 1. (a) Paleogeographic map of the Yangtze Platform in the early Ediacaran showing th
of the Three Gorges area. (c) Simpliﬁed geological map of the Wuhe-Anjiahe area, Three Go
Black bar represents position of the drill core.unusual sedimentary features such as stromatactis- and tepee-like
structures, sheet cracks, and barite fans (Jiang et al., 2003; Zhou
et al., 2004). Member II is a ca. 125 m-thick intercalation of black
shale and subordinate thin-bedded dolostone with abundant sili-
ceous nodules. Member III, which is dominated by dolostone in the
lower part and limestone in the upper part, consists of a ca. 80 m-
thick intercalation of black shale and medium-to thick-bedded
carbonate. The 6 m-thick Member IV is composed of black shale
and is extremely enriched in organic carbon. The age of the
Doushantuo Formation in the Three Gorges area is constrained by
zircon U-Pb ages of three ash beds. The U-Pb zircon dates range
from 635.2  0.6 Ma for an ash bed within the Cap Carbonate
through 632.5  0.5 Ma for an ash at the bottom of Member II, to
551.1  0.7 Ma for an ash from the top of Member IV (Condon et al.,
2005). The ages of the last two ash beds were also determined by
SHRIMP dates, which are comparable with those of previous
workers (Yin et al., 2005; Zhang et al., 2005).
The lithofacies of the Cap Carbonate of the Doushantuo For-
mation varies both stratigraphically and laterally. It is divided into
three units based on sedimentological structures (Jiang et al., 2003).
The lower unit (C1) is 1e1.9 m thick, strongly disrupted, ande locality of the Three Gorges area (modiﬁed from Zhu et al., 2003). (b) Geological map
rges region. Site 2 is the locality of drilling. (d) Cross-section along line AeB in Fig. 1c.
Table 2
Results of carbonate carbon and oxygen isotope analyses.
Depth (m) Sample ID d13C (&) d18O (&) Depth (m) Sample ID d13C (&) d18O (&)
Upper unit C3 Lower unit C1
12.34 201404-02 2.2 6.5 16.32 201704-04 2.3 3.8
12.48 201404-03 3.3 3.6 16.33 201704-05 2.4 6.5
12.81 201407-01 3.6 10.3 16.34 201704-06 2.9 6.7
12.98 201407-02 4.3 1.5 16.35 201704-01 1.9 5.3
13.14 201501-01 3.0 1.2 16.35 201704-07 4.0 11.8
13.14 201501-02 5.0 2.3 16.36 201704-08 1.3 3.7
13.28 201502-01 4.3 3.2 16.37 201704-09 5.4 8.3
13.34 201502-02 4.8 1.4 16.38 201704-10 3.0 5.4
13.42 201503-01 0.4 6.9 16.39 201704-11 2.5 3.9
13.52 201504-02 3.9 12.6 16.42 201704-03
13.58 201504-01 3.9 0.5 16.44 201704-02 3.7 11.2
13.68 201504-03 4.7 3.9 16.48 201801-04 5.0 12.3
13.72 201505-01 3.4 0.7 16.51 201801-01 3.0 6.9
13.72 201505-03 3.6 2.5 16.54 201801-05 2.9 5.0
13.75 201505-04 3.4 3.6 16.59 201801-02 3.0 8.3
13.8 201505-05 4.2 7.3 16.59 201801-06 2.9 6.3
13.85 201505-06 2.1 7.6 16.62 201801-07 2.9 4.3
13.98 201506-01 3.9 4.0 16.66 201801-08 3.0 5.8
14.02 201506-02 4.2 2.7 16.67 201801-09 3.4 12.1
14.06 201506-03 4.8 2.5 16.7 201801-03 2.5 5.8
14.1 201506-04 4.3 1.9 16.7 201801-10 2.9 5.0
14.13 201506-05 4.9 1.5 16.73 201802-01 3.1 6.5
14.16 201507-01 3.4 5.3 16.76 201802-02 2.1 3.5
14.21 201507-02 7.8 15.3 16.77 201802-03 2.6 3.4
14.24 201507-03 0.2 14.1 16.78 201802-04 2.8 3.9
Middle unit C2 16.82 201803-13 2.8 11.4
14.33 201601-01 0.8 5.3 16.84 201803-12 2.6 13.9
14.36 201601-05 0.2 8.4 16.86 201803-14 2.1 3.9
14.4 201601-06 4.2 2.7 16.92 201803-03 2.1 6.2
14.41 201601-07 1.4 9.5 16.92 201803-15 2.9 11.6
14.43 201601-08 5.1 8.7 16.96 201803-04 1.3 4.3
14.45 201601-09 2.5 9.2 16.97 201803-16 1.8 5.4
14.47 201601-02 2.3 8.4 17.02 201803-17 2.9 11.0
14.48 201601-10 1.8 9.2 17.06 201803-06 2.5 6.1
14.49 201601-11 9.0 9.1 17.07 201803-18 2.8 7.5
14.51 201601-12 2.2 5.0 17.13 201803-01 2.6 6.2
14.54 201601-13 16.2 7.6 17.13 201803-07 2.9 9.8
14.56 201601-03 0.8 10.7 17.15 201803-19 2.6 6.1
14.57 201601-14 7.3 8.6 17.19 201803-08 2.5 6.3
14.59 201601-15 13.6 10.9 17.2 201803-20 3.1 8.2
14.65 201602-02 3.9 11.7 17.22 201803-22 3.0 8.9
14.69 201602-09 11.6 15.4 17.24 201803-21 2.6 4.0
14.73 201602-03 0.5 13.0 17.25 201803-09 2.9 10.7
14.75 201602-01 1.3 10.4 17.29 201803-10 2.3 10.7
14.75 201602-04 1.0 8.9 17.31 201803-23 2.3 0.1
14.77 201602-10 6.6 10.3 17.32 201803-24 2.3 4.3
14.78 201602-05 1.5 9.9 17.33 201803-25 3.8 11.4
14.81 201602-11 6.3 14.8 17.34 201803-11 2.6 13.2
14.86 201602-06 0.4 15.8 17.39 201804-03 3.3 4.9
14.9 201602-07 1.4 13.6 17.45 201804-04 2.6 6.0
14.91 201602-12 10.3 11.4 17.46 201804-01 2.3 8.2
14.94 201602-13 3.8 11.3 17.49 201804-02 1.6 5.8
14.96 201602-08 4.3 12.8 17.49 201804-05 1.1 3.7
14.97 201602-14 23.5 14.8 17.53 201804-06 1.5 4.2
14.98 201602-15 5.7 12.8 17.64 201805-01 4.4 10.7
15.04 201602-16 6.5 10.3 17.67 201805-02 4.5 11.3
15.63 201701-05 3.2 4.3 17.68 201805-03 3.3 8.5
15.65 201701-14 6.3 5.8 17.7 201805-04 5.4 10.8
15.66 201701-06 3.4 6.2 17.72 201805-05 3.8 12.1
15.69 201701-07 3.3 10.9 17.74 201805-06 4.6 10.8
15.72 201701-04 9.6 7.7 17.75 201805-07 40.8 5.5
15.72 201701-08 10.1 6.3 18.02 201901-01 5.8 9.9
15.76 201701-09 22.2 11.0 18.05 201901-02 3.6 7.7
15.78 201701-10 3.4 8.6 18.06 201901-03 3.5 11.5
15.81 201701-02 5.6 11.0 18.07 201901-04 4.0 10.9
15.81 201701-11 5.7 11.8 18.08 201901-05 2.5 8.3
15.83 201701-12 6.9 7.5 18.11 201901-06 3.2 7.2
15.85 201701-13 5.0 6.5 18.14 201901-07 10.3 9.4
15.93 201702-01 3.5 11.9 18.15 201901-08 2.5 6.0
15.93 201702-04 3.2 8.6 18.17 201901-09 2.8 9.2
15.94 201702-03 8.7 7.4 18.2 201901-10 3.7 13.1
16.19 201703-03 2.9 9.3 18.22 201901-11 2.7 7.6
16.2 201703-01 3.2 9.8 18.27 201902-05 2.9 9.0
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Table 2 (continued )
Depth (m) Sample ID d13C (&) d18O (&) Depth (m) Sample ID d13C (&) d18O (&)
16.25 201703-04 2.8 8.8 18.3 201902-06 2.6 7.0
16.3 201703-02 2.8 11.1 18.32 201902-07 2.7 8.9
18.33 201902-08 2.2 7.1
18.35 201902-09 3.2 10.5
18.36 201902-10 3.8 14.8
18.37 201902-01 3.0 9.7
18.38 201902-04 3.5 14.9
18.39 201902-11 4.8 16.0
Nantuo diamictite
18.4 201902-12 8.2 14.8
18.47 201903-01 3.4 15.8
Figure 2. Lithostratigraphy of the Doushantuo Cap Carbonate in the drill core samples,
Three Gorges area. According to sedimentary structures (Jiang et al., 2003, 2006), the
Cap Carbonate is subdivided into three units: C1, C2 and C3 in ascending order. d13C
and d18O chemostratigraphies from the Nantuo Formation to the Cap Carbonate in the
drill core samples are also shown.
H. Sato et al. / Geoscience Frontiers 7 (2016) 663e671 667contains unique, stromatactis-like structures. The middle unit (C2)
comprises < 2 m of laminated dolostone layers with local tepee-
like structures. The upper unit (C3) is 1.5e2 m thick and
composed of thinly laminated silty limestones and dolostones. We
also classiﬁed the Cap Carbonate sequence of the drill core into
three parts based on this subdivision.
3. Method
3.1. Sampling and sample preparations
We carried out drilling at Site 2 (304703.7500N, 111203.1000E) in
the Aijiahe-Wuhe area of the Three Gorges region (Fig. 1) and ac-
quired drill core samples from the upper Liantuo Formation to the
bottom of Member II of the Doushantuo Formation (Fig. 1c, d).
Although the recovery percentage of the drill core was low in the
middle part of the Cap Carbonate, the drill core samples contain all
the three units of the Cap Carbonate. We made thin sections of the
core samples for microscopic observations in order to describe the
amounts of detrital minerals, occurrence of cements, and extent of
post-depositional alteration. In order to analyze carbon and oxygen
isotope compositions, powdered samples were prepared from
fresh-cut surfaces of the drill cores using amicro-drill with a 3mm-
diameter bit. The sampling points were carefully selected to avoid
late stage diagenetic carbonate minerals and veins. We made 156
rock powders from the drill core at Site 2 (Table 2).
3.2. Isotope analysis
All samples were analyzed with a Thermoquest DELTA Plus XL
coupled with a GasBench II preparation device at the Tokyo Insti-
tute of Technology (modiﬁed from Révész and Landwehr, 2002).
The carbonate carbon and oxygen isotope ratios (d13Ccarb and
d18Ocarb) are reported in & relative to Vienna Peedee Belemnite
(VPDB) using the NBS-19 international standard
(d13CVPDB ¼ þ1.95&, d18OVPDB ¼ 2.20&). Based on replicate ana-
lyses of the laboratory standard and the NBS-19, the analytical
reproducibility of the d13Ccarb and d18Ocarb values is better than
0.2& and 0.3& respectively. Details of the analytical methods
are described elsewhere (Ishikawa et al., 2008).
4. Results
4.1. Lithostratigraphy of Cap Carbonate in the drill core samples and
outcrops
We classiﬁed the Cap Carbonate of the drill core samples into
three units: C1, C2 and C3 (in ascending order), according to the
subdivision proposed by Jiang et al. (2003, 2006) (Fig. 2). The
lowest unit (C1) of the drill core samples is dolomicrite, con-
taining stromatactis-like cavities, and is highly disrupted. The
unit is mainly composed of microcrystalline and blocky dolomite.Many grains of detrital quartz and fractures were observed in the
drill core samples (Fig. 3a, Jiang et al., 2006). Some carbonates
are partly replaced by silica. In particular, the rims of the cavities
are highly siliciﬁed, and siliciﬁed domed structures are also
found. The cavities are lined with isopachous cements and
contain internal sediment of microcrystalline dolomite and ﬁne-
grained quartz silt, isopachous cements of aggregates of very ﬁne
acicular needles, and equant calcite and dolospar. In fresher
samples, large amounts of organic matter and sulﬁde are
observed in the cavities, similar to the outcrop samples of
Siduping and Yuanling (Fig. 3d, e). The middle unit (C2) of the
drill core samples consists of laminated dolomicrite. Although its
occurrence is disputed (Jiang et al., 2006, 2010), microbial
laminae including stromatolite and sheet cracks are observed in
the corresponding outcrops. In contrast to the C1 unit, the car-
bonate matrix of the C2 drill core samples is not siliciﬁed and no
detrital grains were found. Needle-like crystals, which are pu-
tative pseudomorphs of aragonite, were found in the drill core
samples (Fig. 3b). The upper unit (C3) of the drill core samples is
argillaceous dolomicrite with thin laminae and black bands that
are enriched in organic matter, and comprises mainly micro-
crystalline dolomites (Fig. 3c).4.2. Carbon and oxygen isotope values in the Cap Carbonate of the
drill core samples
We analyzed carbon and oxygen isotope ratios of the drill core
samples (Fig. 2, Table 2). Fig. 2 shows the d13C and d18O variations in
carbonates from the uppermost part of the Nantuo glacial
Figure 3. Representative photomicrographs of the Cap Carbonate rocks in the C1, C2 and C3 units, and the occurrence of organic matter, pyrites and siliciﬁcation in stromatactis-like
structures in the C1 unit. (a) Presence of many detrital quartz grains and fractures in microcrystalline dolomite matrix of a drill core sample in the C1 unit. (b) Needle-like carbonates
(putative pseudomorphs of aragonite) from a drill core sample in the C2 unit. (c) Micro-dolospar and dolomicrite in the C3 unit. (d) Occurrence of a domain with abundant organic
matter, accompanied by a siliciﬁcation ring and more pyrite grains in the Cap Carbonate, Siduping section. (e) Occurrence of siliciﬁed tube-like structure with inner rims of organic
matter in the Cap Carbonate, Yuanling section.
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two specimens from the Nantuo glacial diamictite are 3 and
8.2&, respectively. In the C1 unit, dolomicrites show relatively
homogeneous d13C values around 3&, except at certain points.
Some spots have quite low d13C values (with a nadir of40.8&), the
minimum value being observed in an isopachous cement in a
stromatactis-like cavity. However, most isopachous cements also
have normal d13C values around 3&. d18O values are highly
scattered, and range from 16 to 3.4&. Although most samples
have negative d13C and d18O values in the C1 unit (Jiang et al., 2003;
Wang et al., 2008, Fig. 2), one point in the middle part of the unit
has a positive d13C value of þ2.3&, together with a d18O value of
0.1& (Fig. 2).
In the lower part of the C2 unit, the d13C values are continuous
from the C1 unit, and are stable around 3&. But, in the middle
part, the d13C values are highly scattered, and quite low d13C values
down to ca. 24& are present (Fig. 2). In the upper part, the d13C
values increase to þ2.5&, with anomalously low d13C values in
some carbonates. The d18O values are also highly varied from15.8
to 2.7&.
In the C3 unit, the d13C values are relatively coherent
around þ4& except for a very low d13C value of 7.8& at the base.
However, this low d13C value is accompanied by a very low d18O
value of 15.3&, indicating post-depositional alteration. The d18O
values are highly scattered from 15.3 to 2.3&.
Fig. 4 shows a d13C and d18O cross-plot diagram for C1, C2 and C3
carbonates, respectively. The diagram shows mildly positive cor-
relations between d13C and d18O values for C1 and C3 carbonates.
But, the difference in d13C values is negligibly small compared to the
d18O values (Fig. 4). Some carbonates in the C1 and C3 units have
anomalously low d13C values together with low d18O values, sug-
gesting post-depositional alteration. On the other hand, some of the
anomalously low d13C values in the C1 unit are not accompanied by
low d18O values, suggesting a primary signature. For the C2 car-
bonates, correlation between d13C and d18O values is ambiguous
because the d13C values are highly scattered.5. Discussion
5.1. The carbon isotope variations through the Cap Carbonate
The carbon isotope variation of the drill core samples through
the Cap Carbonate in the Three Gorges area shows certain charac-
teristics: (1) stable carbonate d13C values as a whole, (2) an increase
of carbonate d13C values from3& in the lower part toþ5& in the
upper part, (3) no apparent d13C anomaly across the C1 and C2
boundary, (4) locally quite low negative d13C anomalies (down to
<40&) and frequent occurrence of negative d13C anomalies
through the Cap Carbonate, and (5) the presence of an anomalous
high carbonate d13C value (þ2.3&) and a weak positive correlation
between d13C and d18O values in the C1 unit (Fig. 2).
It is well known that there are quite large negative d13C anom-
alies in some sections in South China (Jiang et al., 2003, 2006;Wang
et al., 2008). Although the timing of the formation of these negative
d13C anomalies is controversial (Zhou et al., 2010; Bristow et al.,
2011; Lin et al., 2011), they are considered to provide evidence for
the involvement of methane during Cap Carbonate formation (Jiang
et al., 2003, 2006; Wang et al., 2008). Our fresher drill core data
support the presence of the d13C anomalies, and show that the
occurrence of the anomalously low d13C values is widespread, and
can be observed in all three units (C1 to C3) even in a single section.
In addition, the signature of methane involvement, namely a
negative d13C anomaly, is also found in the Nantuo glacial dia-
mictite, as well as just 20 cm above the boundary between the
glacial diamictite and the C1 unit (Fig. 2).
Zhou et al. (2010) described a laterally erosional surface in
Baizhu and Jinhe, karstic topographic relief with barite fans, and
dissolution surfaces in dolostone, and emphasized that the Cap
Carbonate was exposed at the boundary between the C1 and C2
units. The occurrence of stromatactis-like cavities across the C1 and
C2 boundaries within the core of tepee-like structures (Jiang et al.,
2006) does not support an unconformity between the C1 and C2
units all over South China. In addition, the consistency of the d13C
Figure 4. d13C and d18O cross-plot diagram for carbonates in the C1, C2 and C3 units.
Slight positive correlations between d13C and d18O values in C1 and C3 are recognized.
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indicating secondary alteration do not support a signiﬁcant un-
conformity between these units in the Three Gorges area.
Positive d13C values are found in the platform facies of the C1
unit ranging from þ0.4 (Zhou et al., 2010) to þ2.3& (this work),
accompanied by a positive correlation between d13C and d18O
values. The positive values allow two interpretations: (1) the d13C
values of the Cap Carbonate were acquired through mixing be-
tween the high d13C (w3&) of dissolved inorganic carbon in
seawater, and a low d13C value derived from methane, and (2)
formation of seeps in the shallow environment through mixing
with clathrate-derived ﬂuid. The stable d13C values through the C1
unit of around 3& and the common occurrence of negative d13C
values worldwide, are likely to be inconsistent with high d13CDIC
values in surface seawater. The presence of a positive d13C value
implies that formation of methane hydrate restarted during the
formation of the Cap Carbonate.5.2. Comparison with the other Marinoan Cap Carbonates
d13C variations through Cap Carbonates commonly display an
upward decrease in d13C values worldwide (e.g. Hoffman et al.,
2007), as well as in South China (Zhou et al., 2004; Shen et al.,
2005; Jiang et al., 2010). However, the Cap Carbonate in the Three
Gorges area shows d13C values that increase from negative to pos-
itive values in the upper part. Fig. 5 compares the d13C variations
through the Cap Carbonate among eight sections in South China
(Jiang et al., 2003, 2006; Wang et al., 2008), and shows some
obvious differences: (1) higher d13C values in inner shelf than in the
outer shelf, slope and basin (Zhou et al., 2004; Shen et al., 2005); (2)Figure 5. Paleogeography of South China Craton (Jiang et al., 2007) and comparison of the d
(Jiang et al., 2003), Jiulongwan (Wang et al., 2008), Wangzishi (Wang et al., 2008) for inn
Siduping (Jiang et al., 2003) for slope and Yuanjia (Jiang et al., 2010) for basin. The compariso
outer shelf, slope and basin (Zhou et al., 2004; Shen et al., 2005); (2) d13C values that incre
increase in d13C values differs among the sections. In the Three Gorges area, the increase sd13C values that increase from negative to positive in the C2 or C3
units in the inner shelf; and (3) timing of the increase in the d13C
values that differs between the sections.
In contrast with the cause of the negative d13C values in the Cap
Carbonates, a number of causes for the increase can be envisioned:
(1) increase in photosynthetic activity in the surface ocean and
organic carbon burial, (2) suppression of aerobic or anaerobic
methane-oxidizing activity, and (3) decline of upwelling of deep
water with low d13CDIC values. If the lithostratigraphic changes
were synchronous in South China, the increase in d13C values
started earlier in the Three Gorges area than elsewhere. In the
proximal margins of the inner shelf, photosynthetic activity was
fully recovered in the upper part of the C2 unit. The occurrence of
stromatolites and microbialites in the C2 unit supports the onset of
photosynthetic prosperity in this unit. High Sr isotope values from
0.7107 to 0.7092 (Ohno et al., 2008; Sawaki et al., 2010) indicate
high continental ﬂuxes during Cap Carbonate deposition, whereas
high phosphorus contents in carbonate minerals show that the
Ediacaran seawater was enriched in phosphate (Shimura et al.,
2014). As a result, the greater supply of nutrients such as phos-
phorus from continents possibly promoted photosynthetic activity.
The continental inﬂux of phosphorus was more abundant at the
proximal margins of the inner shelf so that the recovery of photo-
synthetic activity started earlier here. The recovery of photosyn-
thetic activity, accompanied by an increase in burial of organic
matter (Jiang et al., 2010), resulted in an increase in the oxygen
contents of the surface environment, consistent with the negative
Ce anomaly in the Cap Carbonate and the upward-increase of this
anomaly through the Doushantuo Formation (Komiya et al., 2008).
At the same time, paleontological evidence of numerous multicel-
lular animals and algae at the base of Member II of the Doushantuo
Formation (Yin et al., 2007; Zhou et al., 2007; McFadden et al.,
2008) supports the early recovery of the multicellular algae and
the occurrence of the oldest Metazoa in the proximal area in the
earliest Ediacaran, and suggests that the early recovery of photo-
synthetic activity led to the emergence of Metazoa just after Cap
Carbonate deposition.
6. Conclusions
We report the ﬁrst high-resolution d13C variation in drill core
samples through the post-Marinoan Cap Carbonate in the Three
Gorges area, South China.We identify certain unique characteristics
of the d13C variation: (1) homogeneous, stable d13C values as a
whole, through the Cap Carbonate, (2) an increase of d13C values13C variation of the core samples with those in other sections in South China Jiuqunao
er shelf, Zhongling (Jiang et al., 2010), Yangjiaping (Jiang et al., 2003) for outer shelf,
n displays some obvious differences: (1) higher d13C values in the inner shelf than in the
ase from negative to positive in the C2 or C3 units in the inner shelf; (3) timing of the
tarts in the lowest part compared to other sections.
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apparent d13C anomalies across the C1 and C2 boundary, (4) local,
quite low negative d13C anomalies (down to <40&) and the
ubiquitous occurrence of low d13C anomalies through the Cap
Carbonate, and (5) the presence of an anomalously high d13C value
(þ2.3&) and a weak positive correlation between d13C and d18O
values in the C1 unit.
The ubiquitous negative d13C anomalies through the Cap Car-
bonate, a high d13C anomaly of up toþ2.3&, the positive correlation
between d13C and d18O values in the C1 unit, and the anomalous low
d13C values in the underlying glacial diamictite, all support
decomposition and formation of methane hydrate during the Cap
Carbonate formation. The increase of the d13C values from 3
to þ5& in the upper C2 unit indicates recovery of photosynthesis
and an increase in burial of organic carbons during Cap Carbonate
formation. In particular, the increase in d13C values in the Three
Gorges area is earlier than in any other section, suggesting that
higher continental ﬂuxes at the proximal margin of the inner shelf
promoted the recovery. The enhanced primary productivity and
organic carbon burial led to an increase in the oxygen contents of
surface seawater and the accumulation of dissolved organic car-
bons. The increase in oxygen contents in the shallow marine
environment favored the emergence of multicellular animals in
South China.
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